Aim We set out to test the hypothesis that rates of pre-and post-dispersal seed predation would be higher towards the tropics, across a broad range of species from around the world. We also aimed to quantify the slope and predictive power of the relationship between seed mass and latitude both within and across species.
(N. Andrew, unpubl. data), Papilionid butterflies (Sime & Brower, 1998) , and small mammals (Hansson, 1992) . However, evidence regarding patterns in herbivore density with latitude is sparse and inconsistent. One study showed hemipterans to be more abundant closer to the equator, but found no particular relationship between the abundance of Coleoptera and latitude (N. Andrew, unpubl. data). There was no relationship between latitude and the abundance of small mammals trapped over a 5-year period in Sweden (Hansson, 1992) .
The relationship between latitude and seed predation
Both the generality of the above mechanism, and the wide range of taxa displaying latitudinal gradients in predation or herbivory, suggest that levels of seed predation might be higher towards the tropics. However, the only paper we are aware of that investigates this relationship is by Garcia et al. (2000) , who found no correlation between predispersal seed predation and latitude across thirty-one populations of Juniperus communis at latitudes from 37°06¢ N to 68°13¢ N. The paucity of information on the relationship between seed predation and latitude is troubling, as pre-and post-dispersal seed predation are known to be important selective filters. It is not uncommon for plants to lose 90-100% of a given seed crop to seed predators (Louda, 1989; Crawley, 1992; , and these losses can result in significantly reduced seedling establishment (Brown et al., 1979; Inouye et al., 1980; De Steven & Putz, 1984; Hobbs, 1985; Louda, 1989; Heske et al., 1993; Asquith et al., 1997; Cornett et al., 1998; Feller & Klinka, 1998) .
In this paper we compile the available evidence to assess whether pre-and post-dispersal seed predation are greater towards the tropics.
The relationship between latitude and seed size
There are usually around six orders of magnitude of variation in seed mass within a given habitat (Leishman et al., 2000) . In addition to this huge range of variation in seed mass within habitats, there are also significant differences in seed mass between different habitats. One variable that seems to be associated with shifts in seed mass between different habitats is latitude. The relationship between seed mass and latitude has been investigated at various taxonomic levels. Within species, most studies have shown either significantly larger seeds towards the tropics (thirty-six species), or non-significant relationships between seed mass and latitude (forty-one species), with only two species showing significantly larger seeds towards the poles (Table 1) . Within genera, Crouch & Vander Kloet (1980) have shown a trend for larger seeds towards the tropics across eight species of Vaccinium section Cyanococcus (blueberries), and B.R. Murray, A.D.H. Brown, J.P. Grace (unpubl. data) showed a similar trend for larger seeds towards the tropics across all thirty-eight Australian taxa in the genus Glycine. Levin (1974) showed that seeds of species from the temperate zone were significantly smaller than those from subtropical regions, which were smaller than seeds from the tropics; this was across 802 species of herbs, 204 species of shrubs and 280 species of trees. Suggestive trends in the same direction were also found for sixty-two species of vines and eightyeight species of shrubby trees in the Fabaceae (Levin, 1974) . Lord et al. (1997) also showed that mean seed mass was greater at a tropical site than at a subtropical than at a temperate site in Australia, both across all species in the communities, and within growth-forms, dispersal syndromes and families.
Although these previous studies have clearly indicated a relationship between seed mass and latitude, important details regarding the nature of this relationship at a broad scale remain unclear, including details of the amount of variation in seed size that is associated with changes in latitude, and the slope of the relationship at a global scale. Thus, the second main aim of the present study was to quantify the slope and predictive power of the relationship between seed size and latitude across a wide range of species from a diverse array of ecosystems from around the world. We also investigated whether the shifts in seed mass within species were similar in magnitude to the shifts in seed mass observed among species.
Relationships between seed mass, seed predation and latitude
The relationships between seed mass and rates of pre and postdispersal seed predation are described in a separate paper (A.T. Moles and M. Westoby, unpubl. data) . The major findings of that work were (1) no particular relationship between seed mass and rates of predispersal seed removal and (2) a weak negative relationship between postdispersal seed removal and diaspore mass. In the present paper, we investigated the hypothesis that the slight negative relationship between seed predation and seed mass might be interacting with the positive relationship between seed mass and latitude to cancel out or weaken relationships between seed predation and latitude.
Seed development time
Several mechanisms might contribute to the relationship between seed mass and latitude, including greater habitat shadiness in the tropics, a greater prevalence of vertebrate dispersal agents in the tropics and a higher proportion of plants of larger growth forms (e.g. trees) towards the equator (reviewed in Lord et al., 1997) . Another hypothesis suggests that the shorter growing seasons experienced by plants nearer the poles might constrain the maximum size of seeds that can be produced at a given latitude (Stebbins, 1974) . This mechanism could only contribute to the relationship between seed mass and latitude if larger seeds did take longer to complete their development than small seeds. Although this seems plausible, we are not aware of any previous study of the relationship between seed mass and development time. For this reason, we gathered data to assess the slope and predictive power of the relationship Table 1 Studies of the relationship between intraspecific variation in seed size and latitude. For species marked with an asterisk, the latitudinal range presented represents the range of the species rather than the range of the study. In these cases, the proportion of the species' range sampled is recorded in brackets. Seed mass A is the mean seed mass of the population closest to the equator; seed mass B is the mean seed mass of the population closest to the pole Species between seed mass and development time, across ten species from Ku-ring-gai Chase National Park in Sydney. In summary, the questions addressed in this paper are:
1. Is there a relationship between predispersal seed predation and latitude? 2. Is there a relationship between postdispersal seed predation and latitude? 3. What is the magnitude of the cross-species relationship between seed size and latitude? 4. What is the nature of the interaction between seed mass, seed predation and latitude? 5. Is the relationship between seed mass and latitude within species similar in magnitude to the relationship across species? 6. Do large seeds take longer to complete development than small seeds?
METH ODS
Pre-dispersal seed predation and post-dispersal seed removal
We compiled results from all the papers cited in reviews by Crawley (1992) and S. Cunningham (unpubl. data). These sources provided a relatively complete search of the pre-and postdispersal seed predation literature up to 1992 (Crawley) and 1994 (Cunningham). We also searched Current Contents (1993 Contents ( -2000 , for articles in English containing the words ÔseedÕ and ÔpredationÕ in the title or abstract. Papers were excluded if they did not quantify seed predation or removal, were from highly artificial situations such as laboratories or plantations, or were about introduced species. However, studies of predation on the seeds of weeds of arable land were included, as it was considered that the short-lived species resident in these communities might have had sufficient time to adapt to their new environment. In short, we aimed to include only those species that had evolved in, or adapted to the study environment. This gave postdispersal seed removal data for 205 species and predispersal seed predation data for 138 species. For each species in each study, seed predation rates were averaged over all sites, times and densities in order to produce one mean predation rate. Averaging was weighted according to the number of seeds in each category where this information was available. Where a species occurred in more than one study an average seed mass and predation rate were calculated. As seed fate has rarely been measured in studies of postdispersal seed ÔpredationÕ, we have been forced to review rates of postdispersal seed removal rather than rates of postdispersal seed predation per se. Implications of this limitation are fully discussed in A.T. Moles and M. Westoby (unpubl. data) .
Pre-dispersal seed predation data quantify the proportion of seeds destroyed between seed initiation and seed dispersal. Post-dispersal seed removal rates are given for 24-h periods.
Results from studies that quantified removal over longer time periods were converted to 24-h basis assuming exponential removal (equation 1).
Proportion of seeds removed in 1 day ¼ 1 À ½Proportion of seeds remaining after n days ðl=nÞ
This conversion assumes that proportion of seeds removed per 24 h was independent of the duration of study. This was the simplest assumption we could make, and the only one possible with much of the data. Exponential decline has commonly been observed Hammond & Brown, 1995; Holl & Lulow, 1997; Hulme & Hunt, 1999) . Studies over more than 60 days were excluded.
Seed mass
The relationship between latitude and seed mass was investigated, first, for species included in the seed predation studies, and secondly across a broad range of species from the literature. For species included in the predation paper, seed mass data were gathered from the same sources as the predation data wherever possible, or from other published sources (details in A.T. Moles and M. Westoby, unpubl. data) . For seed mass in relation to latitude, we were able to gather a larger data set including 2706 species from 193 families (Appendix 1). While probably not a comprehensive collection of all data that might be available, this does represent a significant advance on the number of species previously considered for the relationship between latitude and seed mass.
Latitude
Latitude data were taken from the site descriptions in the source papers wherever possible. Where necessary, latitudes from nearby locations were used in place of exact readings for the field sites. Where more than one site was used for a species, an average latitude was calculated for each species, unless the range of latitudes used was >5°, in which case the species were excluded from this compilation.
Relationships between seed mass and latitude within species
In order to assess whether the magnitude of the intraspecific relationship between seed mass and latitude was similar to that observed at the interspecific level, we compiled available data regarding the mean seed mass of the populations at highest and lowest latitudes for each species, and compared the within-species change in mean seed mass per degree of latitude to the slope of the between-species relationship.
Seed development
In order to investigate the hypothesis that large seeds take longer to complete development than small seeds, we carried out a small study in Ku-ring-gai Chase National Park, a temperate coastal environment near Sydney that supports fire-prone forest and heath. Three senescing flowers on each of five individuals of ten species were tagged in June and July 2000. The ten species used were the only species found at two sites in Ku-ring-gai Chase that had a large enough number of senescing flowers at this time. Tagged plants were monitored at least once a week until the seeds had completed development. Seed development was considered to have begun when the flower showed visible signs of senescence. Seed development was considered complete when the seed or fruit exterior became hard and assumed the coloration associated with ripeness in that species. The date of completion of development was estimated as half way between the last date the seed ⁄ fruit was seen in an unripe state and the first date the seed ⁄ fruit was seen in a ripe state. Where plants produced fruit or inflorescences with multiple closely packed seeds with significantly different ripening times we calculated development as beginning when the first flower showed signs of senescence and finishing when the first seed reached maturity. For these species, seed mass was determined by weighing twenty seeds on a Cahn microbalance after they had been oven-dried at 60°C for at least 3 days.
Statistics
Seed mass, the proportion of seeds surviving predispersal seed predation and the proportion of diaspores remaining after 24 h of exposure to postdispersal seed predators were log 10 -transformed before all calculations. In the two cases in which all seeds were removed within 24 h, we added 0.01 to the proportion of seeds remaining before performing the log transformation. The relationships between latitude and predispersal seed predation, postdispersal seed removal and seed mass were analysed across species using standard linear regressions (Sokal & Rohlf, 1995) . Phylogenetic regressions (Grafen, 1989) were performed on the relationships between latitude and log 10 seed mass and log 10 seed predation rates. The phylogenetic tree used follows APG (1998) to order level, with updates from Kuzoff & Gasser (2000) on the position of basal angiosperm groups. Within families, we followed Douglas (1995) for Proteaceae, Crisp & Doyle (1995) for Fabaceae, Simon (1993) for Poaceae and Wilson (1984) for Chenopodiaceae. We performed phylogenetic regressions using a generalized linear interactive modelling program (Phylo.glm version 1.03; Grafen, 1989) . Path segment lengths for the phylogenetic trees were calculated by assigning a height to each node that was one less than the number of species below or at that node in the tree (Grafen, 1989) .
RESULTS

Predispersal seed predation and latitude
The proportion of seeds surviving predispersal seed predation ranged from 2 to 98.5% across the 122 species included in this study. Contrary to our expectations, there was no significant relationship between latitude and the proportion of individuals surviving predispersal seed predation (crossspecies regression, P ¼ 0.63; R 2 ¼ 0.02; phylogenetic regression, P ¼ 0.60; R 2 ¼ 0.006; Fig. 1 ).
Postdispersal seed removal and latitude
The proportion of diaspores remaining after 24 h of exposure to postdispersal seed predators ranged from 0 to 100% across 205 species. There was no significant relationship between latitude and the proportion of diaspores remaining after 24 h (cross-species regression P ¼ 0.54; R 2 ¼ 0.02; phylogenetic regression P ¼ 0.57; R 2 ¼ 0.003; Fig. 2 ).
Relationships between seed mass and latitude across species
Seed mass ranged from 0.01 mg (Hypericum gramineum; Hypericaceae, from Australia) up to 816,000 mg (Bertholletia excelsa; Lecythidaceae, from Brazil) across the 309 Figure 1 The relationship between the proportion of individuals surviving predispersal seed predation and latitude. Latitude is expressed as an absolute number of degrees away from the equator. Each point represents the mean value for one species. species included in seed predation studies, and from 0.0007 mg (two species in the Orchidaceae from Australia) to 816,000 mg (Bertholletia excelsa) across the broader 2706 species data set. Seeds were significantly larger towards the tropics in both the cross-species regression (P < 0.001; R 2 ¼ 0.41; Fig. 3 ), and the phylogenetic regression (P < 0.001; R 2 ¼ 0.43) across the species included in the seed predation studies. Similarly, seeds were significantly larger towards the tropics across the full 2706 species (P < 0.001; R 2 ¼ 0.21; Fig. 4) . Although there was a wide range of seed mass at any given latitude, the trend with latitude was highly significant. Slope was )0.85 (95% CIs: )0.79 to )0.91) log units per 20°latitude, that is a sevenfold reduction in mean seed mass for every 20°moved towards the poles, a 1000-fold reduction across 70.5°of latitude.
Both the upper and lower limits of the seed mass range seemed to decrease towards the poles (Fig. 4) , and there was no significant relationship between the variance in seed mass and latitude (all sites represented by at least eight species included in analysis; P ¼ 0.23, R 2 ¼ 0.046; n ¼ 33). Thus, it appears that the change in seed mass with increasing latitude is caused by a simple downward shift in the lognormal distribution of seed mass. However, sampling biases might have affected this result -particularly at the smaller end of the seed mass spectrum. For instance, although few very smallseeded species were included in the tropical data sets, many small-seeded taxa (e.g. Orchidaceae) are present in tropical ecosystems. Similar bias might also be present in the data from seed predation studies, as seed predation may be easier to study in large-seeded species. Figure 3 The relationship between seed mass and latitude for species for which seed predation data were available. Latitude is expressed as an absolute number of degrees away from the equator. Each point represents the mean value for one species. Figure 4 The relationship between seed mass and latitude across the global database. Latitude is expressed as an absolute number of degrees away from the equator. Each point represents the mean value for one species.
Interactions between seed mass, latitude and seed predation
The relationship between latitude and seed mass was still significant after controlling for variation in either predispersal seed predation (P ¼ 0.007), or post-dispersal seed removal (P < 0.001). The proportion of individuals surviving predispersal seed predation, and the proportion of individuals remaining after 24 h of exposure to postdispersal seed predators, remained unrelated to latitude after variation in seed mass was accounted for (P ¼ 0.586 and 0.189, respectively).
Phylogenetic considerations
The results of the phylogenetic regressions and the crossspecies regressions were very similar. Conceivably, there might have been positive relationships between seed mass, seed predation and latitude within genera or families, that is across distal branch-points in the phylogenetic tree, and these might have been overridden in the cross-species regression by large differences in basic natural history between families or other major clades, producing an overall negative relationship. The fact that phylogenetic regressions were similar to cross-species regression eliminates this possibility from consideration.
Relationships between seed mass and latitude within species
Species with wider latitudinal range were more likely to show a significant decline in seed mass with latitude (logistic regression, P < 0.001; Fig. 5 ). Studies spanning less than c. 11°latitude had less than a 50% chance of finding a significant negative relationship. There was no significant difference in the mean slope between species showing significantly larger seeds towards the tropics, and those showing no significant relationship (P ¼ 0.99). Evidently the major reason for the lack of a significant intraspecific relationship between seed mass and latitude in some studies is that over a small latitudinal range, the shift in seed mass is small enough that it cannot be detected against the background of other sources of variation.
The mean decrease in seed mass within species was )0.29 log units, or c. 1.9-fold, per 20°of latitude. This was 3.6-fold less than the slope of the relationship across species (Fig. 6 ).
Seed development time
Seed development time was confirmed as positively correlated with seed mass across ten species from Ku-ring-gai Chase National Park ( Fig. 7 ; P < 0.001, R 2 ¼ 0.77; Appendix 2). The standardized major axis slope of this relationship was 0.14, that is, a tenfold increase in seed mass corresponded to Figure 5 The relationship between the latitudinal range encompassed by intraspecific studies of the relationship between seed mass and latitude, and the probability of finding a significant negative relationship. Box plots show the distribution of latitudinal ranges for studies showing significant vs. nonsignificant relationships. The boxes encompass the 25th percentile to the 75th percentile. The line inside the box represents the median. Whiskers indicate the 10th and 90th percentiles. Outliers are shown as dots. The curve was fitted using logistic regression (P < 0.001), and shows the probability of a study with a given latitudinal range finding a significant negative relationship between seed mass and latitude. Figure 6 Intraspecific relationships between seed mass and latitude. Filled circles and solid lines represent species in which there was a significant relationship between seed mass and latitude; unfilled circles and dotted lines represent species with no significant relationship between seed mass and latitude. The two points shown for each species are the upper and lower latitudes encompassed within the study, and the mean seed mass of populations found at that latitude. Note that this information was not available for all species. Raw data are presented in Table 1 . The dashed line represents the slope of the relationship between seed mass and latitude from the global cross-species relationship (Fig. 4) .
c. 40% increase in development time. These data lend support to the hypothesis that maximum attainable seed mass might be constrained by the length of the growing season in a given habitat (Stebbins, 1974) .
DISCUS SION
Why was seed predation not higher towards the tropics?
The lack of a relationship between seed size and latitude was contrary to expectations based on predator diversity and abundance (see Introduction). One possible explanation for the absence of this relationship is that there might have been selection for increased seed defences in areas near the equator where seeds were exposed to a higher risk of predation (perhaps as a result of greater diversity and abundance of seed predators at low latitudes). If increased defence reduced seed predation, the net outcome might be no particular relationship between seed predation and latitude.
If the mechanism described above were in operation, one might expect to see higher levels of seed defences towards the tropics. We are only aware of one study investigating this relationship: Crouch & Vander Kloet (1980) showed that seed coats were thicker at lower latitude across four species of Vaccinium. However, it is clear that many important leaf defences (including high concentrations of alkaloids, leaf toughness and high tannin concentration) are greater towards the tropics (reviewed in Coley & Aide, 1991) . Similarly, tropical birds have been shown to have higher investment in immune system function than temperate birds (Møller, 1998) . These observations are sufficiently consistent with our interpretation to suggest further investigation could be worthwhile.
A second explanation for the lack of a relationship between seed predation and latitude could be that increases in seed predator diversity and density towards the equator are no more than proportional to increases in seed production and diversity. It is well known that plant diversity is particularly high in tropical forests. It might also be the case that the total production of seed is higher at lower latitudes, as net primary productivity is generally higher towards the equator (Bondeau et al., 1999; Schloss et al., 1999) .
Implications of the lack of a relationship between seed predation and latitude Janzen (1970) and Connell (1971) suggested that densitydependent mortality might increase plant diversity by reducing the probability of successful seedling establishment near conspecific adults. These authors also suggested that the greater climatic fluctuations in temperate ecosystems might reduce the efficacy of predators in maintaining this diversity. These ideas have been widely taken up, and today the Janzen-Connell hypothesis is one of the major explanations cited to explain the high levels of diversity in tropical forests (Wright, 2002) . Our results are clearly of importance to this body of literature. As rates of seed predation are not higher in the tropics, it seems unlikely that the strength of the density-dependent mortality would be stronger in the tropics. If density-dependent mortality is just as strong at high latitudes as at low latitudes, the Janzen-Connell hypothesis does not predict higher diversity in the tropics than in the temperate zone. Clearly, investigations of the JanzenConnell hypothesis that compare density-dependent mortality at tropical and temperate sites will be necessary to determine whether this mechanism can contribute to greater diversity in tropical regions.
Why is there a relationship between seed size and latitude?
Several hypotheses have previously been put forward to explain why there is a relationship between seed size and latitude, including (1) differences in the light availability in different habitats, (2) differences in the seed disperser assemblages, and (3) differences in the predominance of plant growth forms (reviewed in Lord et al., 1997) . The evidence to date shows that although these factors do influence seed mass, gradients in seed mass with latitude exist even after these variables are accounted for. For instance, Levin (1974) found an increase in mean seed mass from herbs to shrubs to shrubby trees to trees, but also a greater mean seed mass in tropical species than in temperate species within herbs (802 species), shrubs (204 species), vines (sixty-two species), shrubby trees (eighty-eight species) and trees (280 species). Similarly, Lord et al. (1997) found that tropical floras did have relatively higher proportions of woody and vertebrate-dispersed species, but also that seed mass decreased from the tropics to the subtropics to the temperate zone within ten of eleven growth-form dispersal-mode combinations. Thus, while growth form, disperser assemblage and habitat type may contribute to the observed relationship between seed mass and latitude, other mechanism(s) must also be operating. The following paragraphs outline two further factors that might be significant contributors. 
Development time
It has been suggested that the length of the growth period of a habitat might constrain the upper bound of seed mass by constraining the amount of time available for seed provisioning (Baker, 1972; Stebbins, 1974) . This mechanism could potentially disadvantage large seeds at higher latitudes, as there is some evidence that small seeds can complete development in a shorter time than large seeds (Fig. 7) .
Total seed production
The smaller number of seeds produced by large-seeded species (Jakobsson & Eriksson, 2000; Henery & Westoby, 2001 ) is thought to be compensated for mainly during seedling establishment. Seedlings from large-seeded species have been shown to be stronger competitors than seedlings from small-seeded species (Leishman, 2001) , and are better at tolerating a wide range of environmental stresses, such as prolonged periods in deep shade, herbivory and nutrient deprivation (reviewed in Leishman et al., 2000) . Under theory about coexistence of seed size strategies (Geritz, 1995; Fagerstrom & Westoby, 1997) , large-seeded species secure patches by outcompeting small-seeded species, while small-seeded species rely on establishing in sites that are not reached by the less abundant propagules of large-seeded species. This theory can combine with a latitudinal trend in net primary productivity (NPP) to offer a new hypothesis for the observed trend for larger seeds towards the tropics. The NPP is generally thought to be higher towards the tropics (Bondeau et al., 1999; Schloss et al., 1999) . It seems reasonable to expect that higher NPP translates into higher biomass of seeds produced per unit area. If average seed size did not shift, then the total seedfall density would be greater at higher NPP latitudes. This would decrease the probability of a small seed reaching an otherwise unoccupied site. In this way, selection would favour larger seeds in high productivity environments such as the tropics. Note that a critical assumption in this theory -that of greater total reproductive output in vegetation towards the tropics -has not yet been tested.
In summary, many potential explanations for the greater size of seeds in the tropics have been offered, involving habitat type, plant growth form, seed disperser assemblage, the length of the growing period and NPP. These mechanisms are not mutually exclusive, and it is most likely that some combination of these factors generates the pattern observed in nature. 
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